The Raman spectroscopy and AC and DC magnetization of Dy respectively in x = 1.5, 1.8, 1.9 samples.
The development of spin correlations is thought to be the reason behind the cross over [34, 38] .
Eventually, the presence of high temperature spin freezing (T f~ 16 K) makes DTO system more fascinating among all spin ice systems because all other spin ice compounds do not show such type of high temperature spin freezing. Dy 2 Ti 2 O 7 is renowned not only for magnetic equity but also for its electric conductivity [39] , dielectric and magneto dielectric responses [40, 41] .
Another frustrated pyrochlore system Eu 2 Ti 2 O 7 (ETO) exhibits antiferromagnetic interaction as it has negative Curie-Weiss temperature (~ θ CW = -1.35 K) [42] . Although, ETO has a non magnetic ground state, it shows substantial magnetic moment and strong crystal field effect which develops single ion anisotropy parallel to <111> axis [43] . An exotic spin freezing transition around T s = 35 K was found in AC susceptibility measurement of ETO compound, which is highest reported spin freezing transition so far in geometrically frustrated pryrochlore systems. This spin freezing was assigned to single spin relaxation type process by dilution of Y 3+ ion in ETO [42] .
Many reports are available on both (A and B) sides doping on Dy 2 Ti 2 O 7 to change the spin-configuration at low temperature. Substitution of Dy 3+ ions by non magnetic (Y 3+ or Lu 3+ )
ionsreveals the reemergence of high temperature spin freezing transition which shifts towards higher temperature side with increasing doping concentration [34] . Not only non magnetic diluents [34] but also magnetic elements (like Tb 3+ ion) show drastic change in the ground state of Dy x Tb 2-x Ti 2 O 7 pyrochlore [44] . Some reports on Ti site doped compounds of DTO are also available [45, 46] . throughout the whole series of DETO samples. It has also been found that spin freezing (T f ) is disappeared for (0 < x≤ 1.0) samples but for (x ≥ 1.5) samples, spin freezing (T s ) reappeared at higher temperature in zero magnetic field. This strange behaviour may be attributed to Dy-Eu spin interactions and also to change in the crystal field due to the presence of Eu in Dy sites. The DC and AC magnetic measurement of each sample was performed using a Quantum Design magnetic property measurement system (MPMS) super conducting quantum interference device (SQUID) magnetometer. Raman spectroscopic measurements were carried out at room temperature, using Renishaw Micro Raman Spectrometer with a solid state laser of wavelength 532 nm.
Experimental detail

Results and Discussions
Stability and Structural Analysis
The ionic radius ratio of A 3+ and Ti 4+ cations is the key factor to determine the stability of For R< 1.46, the structure becomes a defect fluorite and a perovskite layered structure forms for R>1.78 [48] . We have calculated the stability determining factor of DETO samples by the following equation [49] ( + )
Using eq. (1), we have determined the ionic radius ratio for each of sample which is arranged in in enhancement of disorderness in the structure.
The room temperature X-ray diffraction data of each specimen of DETO sample confirms single phase face centered cubic pyrochlore structure with space group Fd-3m which has been displayed in inset (i) of figure 1. The phase purity, homogeneity and unit cell dimension of all powder samples were verified by Rietveld analysis of XRD data using FULLPROF program [50] . Inset (ii) of figure 1 shows the Rietveld refinement pattern of (x=1.0) sample. Evaluated lattice parameters of (x=0 and x=2.0) samples are in good agreement with earlier reports [47, 51] . The variation of lattice constant with Eu concentration is shown in figure 1 . The graph shows that the value of lattice constant increase linearly with Eu concentration obeying the Vegard's law except slight deviation at x=1.9 (figure 1). This deviation from Vegard's law for x = 1.9 might be due to Dy (Eu)-Ti antisite disorder.
Raman Spectroscopy Analysis
Raman spectroscopy is very useful for structural study because it provides surface sensitive structural information of solid compounds. Raman study gives the information of interactions between spin-phonon, phonon-phonon and electron-phonon. It also tells the disorderness and phonon-anharmonicity in samples. Figure 2 shows the Raman spectra of DETO The values obtained from CW fit are very sensitive to selected temperature range [58] . In the present case, CW fit also described the data well in 2-20 K temperature range. This low temperature range is appropriate for the lowest crystal-field excitations. 
where M is magnetization, M s is saturation magnetization, K 1 is first order cubic anisotropy coefficient, H is applied magnetic field, and k is the forced magnetization coefficient and constant 8/105 deals to first order cubic anisotropy of random polycrystalline samples [70] .The Table 3 .
In order to examine the spin freezing and to investigate time dependent magnetic properties of doped Dy 2-x Eu x Ti 2 O 7 compounds, AC susceptibility measurements have been performed. Figure 5a shows the real part of AC susceptibility of x = 0.0, 0.5, 1.0 samples and inset (i) of figure 5a shows the χ'(T) of x = 1.5, 1.8, 1.9 systems. Whereas, figure 5b shows the corresponding imaginary part of AC susceptibility at 500 Hz frequency and zero magnetic field. [71] and Dy 2 (Ti 2-x Dy x )O 7-x/2 [72] . From inset (i) of figure 5a and 5b, it has been shown that T i peak is not observed for x = 1.8, 1.9 samples. However, observed finite value of AC susceptibility for x = 1.8, 1.9 samples is indicating that Dy 3+ spins are still fluctuating at lower temperature (below 2 K). These low temperature outcomes are expected for quantum spin ice [73] . Moreover, Dy 3+ spins are Ising type in all samples. Thus, they have ice-like configuration.
These all results suggest that DETO samples remain into a spin ice state. The χ'(T) and χ"(T)
curves exhibit paramagnetic behaviour at high temperature with H = 0 T magnetic field for x = 0.5, 1.0 compounds i.e. T f spin freezing is disappeared. Unusual nature has been found for x = 1.5, 1.8, 1.9 samples, in which high temperature spin freezing has reemerged at T > 18 K [inset (i) of figure 5a and 5b]. Similar re-entrance of high temperature spin freezing was noticed for diluted spin ice Dy 2-x M x Ti 2 O 7 ( M = Y, Lu), in which T f peak is subdued for low levels of dilution of non -magnetic Y 3+ and Lu 3+ ions. However, this T f peak is re-emerged for high dilution (x > 0.4) towards higher temperature. This re-entrance spin freezing is dominated by single ion effect and attributed to change in crystal field levels along with quantum mechanical and thermal processes [36] . However, the scenario is different for our Dy 2-x Eu x Ti 2 O 7 series.
Because, Eu 2 Ti 2 O 7 (x = 2.0) also shows a single ion spin freezing transition (T s ) at 35 K which is shown in inset (ii) of figure 5a and 5b [42] .This re-entrant high temperature spin freezing for x = 1.5, 1.8, 1.9might be associated to Eu 3+ spins.
To find out the origin of re-entrant spin freezing for Eu rich samples, DC magnetic field of 2 T was applied. An applied magnetic field let up the dynamical process and due to this there is an enhancement in χ' and χ" signals. Derived E a value from Arrhenius fit of T s peak (originated from Eu 3+ ) is increased from 277.8 K (x = 1.5) to 327.08 K (x = 1.9), whereas for pure ETO, E a was reported to 339 K [42] and f 0 value ranges from 0.05 to 0.5 GHz. The obtained E a value from the fitting of T s peak is close to value assigned for single ion freezing due to Eu 3+ spins which confirms that T s peak is originated because of Eu 3+ ions. The variation in crystal field levels is due to Dy-Eu interactions, causes the systematic alteration in E a value of T f peak for (1.5 ≤ x < 2.0) samples. It can be further verified from the fact that crystal field effect is closely related to structural parameters like lattice constant and atomic position of oxygen atom surrounding the rare earth (A) ion [76] . From structure study, it has been found that on increasing the concentration of Eu 3+ ions, lattice constant of DETO system was increased. This indicates that doping of Eu 3+ content alters the crystal field levels. However, it is expected that activation energy value (E a ) should decrease on increasing the lattice constant. But, in contrast enhancement in E a value was observed for present case. This nature specifies the influence of antisite disorder which causes the change in crystalfield, consequently change in energy barriers. Withal, T s moves to higher temperature side with increasing Eu dopant which supports the increase value of E a as observed in figure 7c [77].
From figure 7c, it has been observed that position of T f peak (associated to Dy 3+ spins) is deviated from x = 1. Consequently, T f peak is deviated from x = 1.5. This argument further suggested that T s transition is associated to spin freezing of Eu 3+ ions.
However, from the above discussion it is clear that x =1.8 and 1.9 samples exhibit WWH loop and also spin frustration. The spin frustration is also observed in x=1.5 samples (figure 6c)
but it does not show wasp-waisted hysteresis loop. Therefore, spin frustration is not the origin in the present case as has been discussed in the Fe 2 MnGa system [66] . Furthermore, as it has already been discussed that both x=1.8 and x=1.9 samples have significant dipolar field and anisotropy exchange interaction whereas in x=1.5 sample existence of no dipolar field is found.
Therefore, existence of dipolar field and anisotropy exchange interaction is the origin of WWH loop in the present case.
Our observations including the compositions, frequency and magnetic field dependence of T f and T s peaks indicate that doping of Eu 3+ ions at A site in DETO samples result the alteration in crystal-field levels. The Eu-Dy spins interaction changes this crystal field effect.
Unlike other hybrid pyrochlore compounds, Dy 2-x Eu x Ti 2 O 7 may be considered as combination of DTO (spin ice) and ETO. However, further experimental and theoretical analysis is needed for a clear vision of relaxation mechanism which may be helpful for understanding the unrevealed physics of the system.
Conclusion
The Raman effect and magnetization study have been made on Dy 2-x Eu x Ti 2 O 7 pyrochlore. Tables   Table (1)   Table ( 
